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interactions result in either the relocalization of a particu-
lar effector target within the cell or the direct activation
of an enzymatic function associated with that effector.
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The role of RhoGDIs in Rho signaling is less clear. It
should be emphasized that while there is considerableThe small GTPases of the Rho subfamily constitute a
evidence to support this model for Rho GTPase function,
group of evolutionarily conserved proteins that medi-
there is also accumulating evidence for a more complex
ate signaling pathways that regulate a variety of cellu-
regulatory mechanism for these proteins that invokes
lar processes, many of which are associated with dy-
the subcellular localization of the GTPases and their rate
namic cytoskeletal reorganization. These processes
of cycling (Symons and Settleman, 2000).
determine the shape, adhesive properties, and move- The identification of biological functions for the vari-
ment of cells, and the Rho GTPases have therefore ous Rho proteins has come, largely, from studies in
been implicated in the complex morphogenesis of tis- cultured mammalian cells. Typically, these studies involve
sues in developing multicellular organisms. The Dro- introduction of mutationally activated or dominant-
sophila genetic system has proved particularly useful negative forms of the proteins by transfection, infection,
in establishing the in vivo functions of several of the or microinjection (Nobes and Hall, 1994). Many of the
Rho GTPases and their associated signaling pathway functions for the Rho GTPases have been attributed
components during development. to their ability to affect the organization of the actin
cytoskeleton, and it is possible that the vast majority of
the effects that they can exert on cellular processes areRho GTPases as Signaling Molecules
a consequence of changes in cytoskeletal organizationThe expanding family of Rho GTPases, which includes
(Nobes and Hall, 1995). They can directly impact thethe Rho, Rac, and Cdc42 proteins, has, over the past
assembly of actin-containing structures including stress10 years, been implicated in the regulation of numerous
fibers and focal adhesions, lamellapodia, and filopodia.and diverse cellular processes (Van Aelst and D’Souza-
However, it is clear that they can also regulate at leastSchorey, 1997). These ubiquitous proteins, which have
some cellular processes through cytoskeleton-indepen-been highly conserved through evolution from yeast to
dent effects. For example, the mammalian Rac2 GTPasemammals, are key regulators of processes including cell
participates directly in the NADPH protein complex inshape change, cell migration, cell:cell and cell:matrix
neutrophils that gives rise to superoxide productionadhesion, gene transcription, protein trafficking, cytoki-
(Knaus et al., 1992). Such studies in cultured cells havenesis, and cell cycle progression, among others. The
certainly highlighted the numerous potential biologicalRho GTPases, like their close relative, Ras, cycle be-
functions for these GTPases, and have helped to estab-tween two biochemical states characterized by their
lish the organization of signal transduction pathwaysassociation with either GDP (the inactive form) or GTP
that they mediate. More recently, several animal model(the active form) (Symons and Settleman, 2000). The
systems have been utilized to examine the function ofregulation of this cycle is largely determined by the ac-
Rho signaling pathways in an in vivo context.tion of three major classes of regulatory proteins. The
GAPs (GTPase activating proteins) function to stimulate
Drosophila Genetics and the Rho GTPasesthe relatively weak intrinsic GTP hydrolyzing capacity
The ability of the Rho GTPases to exert profound effectsof the GTPases, converting them to an inactive form.
on the shape, adhesive properties, and movement ofThe GEFs (guanine nucleotide exchange factors) act to
cells in culture has led many investigators to explore afacilitate the release of GDP from the inactive GTPase,
likely role for these proteins in the regulation of theand the subsequent rebinding to GTP, resulting in acti-
precise cell shape changes and movements that arevation. Finally, the GDIs (guanine nucleotide dissocia-
required for the morphogenesis of complex multicellulartion inhibitors) bind to the GDP form of the protein and
organisms during their development. Indeed, a numberprevent its release from GDP, thereby promoting the
of reports over the past five years have clearly estab-inactive state of the protein.
lished essential developmental roles for these GTPases
The predominant model for the functional mechanism
in organisms including C. elegans, Drosophila melano-
of the Rho GTPases is that they act as molecular
gaster, Xenopus laevis, and the mouse (Settleman,
switches in various signal transduction pathways. Evi- 1999).
dence suggests that signals that impinge on the cell So far, studies of Rho function in Drosophila have
surface lead to the activation of a particular GEF, leading yielded the most substantial information regarding the
to Rho activation, and subsequent direct interaction of precise function of these GTPases and their associated
GTP-bound, active Rho with various downstream ef- signaling pathways during development (Lu and Set-
fector targets that can elicit a cellular response (Van tleman, 1999a). Homology searches of the recently com-
Aelst and D’Souza-Schorey, 1997). Many such effectors pleted Drosophila genomic sequence reveal the likely
have now been identified. It is likely that GTPase:effector presence of 6 Rho-like GTPases, 20 RhoGAPs, 20 Rho-
GEFs, and 1 RhoGDI that are closely related to mamma-
lian counterparts. Moreover, the fly genome encodes1 Correspondence: settleman@helix.mgh.harvard.edu
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homologs of most of the mammalian Rho effector tar- a reasonable candidate for mediating the downstream
effects of Rho in this process is the Drosophila homologgets that have been identified thus far. It is therefore not
of a Rho binding kinase (Winter et al., 2001), known assurprising to find that Rho-mediated signaling pathways
Rho-kinase, or ROCK, which has been found to regulatethat have been implicated in cellular functions in mam-
actomyosin contractility in mammalian cells (Narumiyamals are well conserved in Drosophila. However, the
et al., 1997). Similarly, in C. elegans, genetic studiesrelative simplicity of flies compared to mammals, cou-
revealed a role for the worm ROCK homolog in actomyo-pled with the power of genetics in the Drosophila sys-
sin contractility during the stretching of epidermal cellstem, have proved highly valuable in experimental efforts
during embryo elongation (Wissmann et al., 1997).to establish the precise role of various Rho-mediated
Following the completion of cellularization, a series ofsignaling pathways during complex developmental pro-
postblastoderm mitoses begins that continues throughoutcesses.
later stages of embryogenesis. It appears that Rho isIn Drosophila, three general strategies have been em-
also required for these cell divisions. Loss of the putativeployed to unravel the function of the Rho GTPases dur-
Rho-specific GEF, Pebble, results in failed cytokinesising development (Lu and Settleman, 1999a). Many stud-
events in the postblastoderm embryo, leading to an ac-ies have made use of the relative ease of generating
cumulation of multinucleated cells (Prokopenko et al.,transgenic flies in which a transgene can be expressed
1999) (Figures 1A and 1B). Further analysis of pebblespecifically in a tissue type of interest. In such studies,
mutant embryos revealed that many of the mitotic cellsmutationally activated and dominant-negative forms of
have a defective contractile ring that lacks the appro-several of the Drosophila Rho family GTPases or their
priate cytoskeletal components and fail to initiate aassociated signaling components have been expressed
cleavage furrow. Subsequently, it was demonstratedin various tissues to examine the developmental conse-
that loss of Rho activity, either in homozygous rho1quences of activating or blocking particular GTPase-
mutant embryos or in embryos expressing a transgenemediated signaling pathways. A second strategy in-
that encodes a dominant-negative form of Rho1volves a “reverse genetics” approach in which one starts
(RhoN19), results in a similar disruption in cytokinesiswith a Drosophila gene of interest that is hypothesized
associated with multinucleated cells. Pebble proteinto be relevant to Rho signaling and then identifies or
normally accumulates at the cleavage furrow during mi-generates a corresponding loss-of-function mutation in
tosis, and a model has been proposed wherein Pebblethat gene. This can be accomplished either through a
promotes Rho activation and subsequent actin assem-random mutagenesis strategy or through the ability to
bly within the contractile ring (Prokopenko et al., 1999).mobilize P elements inserted in the genome near a gene
The nature of the upstream signal that initiates Pebbleof interest directly into that locus as to disrupt it. More
activation remains unclear, but it appears to result inrecently, alternative methods have been utilized to dis-
the redistribution of Pebble from the cell cortex to therupt gene function that involve the use of the RNAi meth-
cleavage furrow, where it is likely to exert its effect onodology (Hunter, 1999), which has been utilized in the
cytoskeletal reorganization via modulation of Rho GTPasepast with good success in C. elegans or homologous
activity.recombination (Rong and Golic, 2001). Finally, a third
There are several good candidates for the down-strategy, which is a more classical genetics approach,
stream pathway components that mediate Rho-depen-involves the use of random genome mutagenesis
dent cytokinesis in the fly embryo. For one, the Drosoph-screens to identify phenotypes that are likely to reflect
ila Rho binding protein, Diaphanous, which bindsdisruption in a Rho-mediated signaling pathway. In the
directly to activated Rho, is also required for cytokinesisfollowing sections, studies are described that have
in early embryos (Castrillon and Wasserman, 1994). Em-made use of the Drosophila system to establish functional
bryos lacking Diaphanous also exhibit defects in theroles for the Rho GTPases and their associated signaling
recruitment of cytoskeletal components to the contrac-
components in various developmental processes.
tile ring and the failure to form a cleavage furrow. A
second candidate is the ROCK protein. Mammalian
Rho Function in Cellularization and Cytokinesis ROCK localizes to the cleavage furrow of dividing cells,
The early Drosophila embryo consists of a syncytial and a specific pharmacological inhibitor of ROCK can
blastoderm of uncellularized nuclei that undergoes cel- block cytokinesis in cultured cells (Ishizaki et al., 2000;
lularization through the recruitment of plasma membrane Kosako et al., 2000). Although a Drosophila ROCK mu-
form cytoplasmic protein reservoirs that eventually sur- tant has recently been reported, its role in embryogene-
round individual nuclei (Lecuit and Wieschaus, 2000). sis has not yet been examined. However, one of the
This process is associated with reorganization of the known substrates for phosphorylation by mammalian
actomyosin cytoskeleton (Planques et al., 1991) and ap- ROCK, the regulatory light chain of nonmuscle myosin,
pears to be the first stage of embryonic development has a Drosophila homolog (Spaghetti-squash) that is
where Rho GTPase function is required (Crawford et also required for normal cytokinesis (Karess et al., 1991).
al., 1998). Injection of embryos with the Rho-specific Taken together with evidence that the formation of a
inhibitory toxin, C3, disrupts cellularization. Expression cleavage furrow in mammalian cells requires actomyo-
of an activated form of the Rho-related GTPase, Cdc42, sin contractility, which is tightly regulated by ROCK, it
in embryos similarly disrupts cellularization, although it is tempting to speculate that the Rho-dependent cytoki-
is unclear as to whether this reflects a normal function nesis process in the developing fly embryo also requires
for Cdc42 in early embryos. The identification of the a Rho-ROCK interaction—possibly, by influencing acto-
regulatory signals that lead to Rho activation in the cellu- myosin-mediated formation of the cleavage furrow in
dividing cells (Figure 1C).larization process has yet to be established. However,
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Figure 1. A Rho-Mediated Pathway Regu-
lates Cytokinesis in Drosophila
(A and B) Wild-type Drosophila embryos (A)
and embryos lacking the Pebble RhoGEF (B)
revealing that wild-type embryos contain a
single nucleus per cell, whereas pebble mu-
tant embryos contain ectodermal cells with
multiple nuclei (arrows) due to a defect in
cytokinesis. Red marks anti-spectrin to indi-
cate the outline of plasma membranes and
green marks anti-lamin to indicate the outline
of nuclei.
(C) Schematic representation of a signaling
pathway by which the Rho GTPase regulates
cytokinesis in Drosophila.
Panels (A) and (B) reproduced, with permis-
sion, from Prokopenko et al. (1999).
In short, these studies collectively point to the involve- of embryonic tissue to form the so-called “ventral fur-
row”. This major morphogenetic event results in thement of multiple Rho effector targets in the regulation of
internalization of presumptive mesodermal cells and iscytokinesis events required for embryonic cell divisions.
blocked by expression of dominant-negative Rho1 inIt also appears that the accumulation of several proteins
early embryos (Barrett et al., 1997; Hacker and Perrimon,including Rho itself, a RhoGEF, and the Rho targets at
1998). Moreover, mutational loss of the putative Rho-the cleavage furrow just prior to cell division results in
specific GEF, DRhoGEF2, similarly results in the com-the precisely localized actin reorganization events that
plete disruption of ventral furrow formation, and is asso-are essential for cytokinesis. Similarly, in the fission
ciated with a failure of the mesodermal precursor cellsyeast, S. pombe, components of Rho signaling path-
to undergo the requisite shape change (Figures 2A–2F)ways, including Cdc42 itself, the Cdc42 target, IQGAP,
(Barrett et al., 1997; Hacker and Perrimon, 1998).and the cdc12 formin (member of a family of Rho targets)
Interestingly, previously reported mutants that affectare required for assembly of an actomyosin-based con-
the function of a secreted factor, Fog (Costa et al., 1994),tractile ring (Chang, 2001) and are specifically localized
and a heterotrimeric G protein  subunit, Concertinato the cleavage furrow at the onset of cytokinesis. This
(Parks and Wieschaus, 1991), are associated with similarassembly of an actin-regulating complex at the cleavage
defects in gastrulation. More recently, genetic interac-furrow is somewhat analogous to the assembly of a
tion studies have pointed to a pathway in which Fogcomplex of small Rho-related GTPases and their regula-
initiates a signal for the appropriate cell shape changestors and targets at the site of budding in S. cerevisiae,
through interaction with a G protein-coupled receptorwhere they appear to participate in localization and for-
(whose identity is presently unknown) and consequentmation of both the septin ring and the contractile ring
activation of DRhoGEF2 and Rho itself (Figure 2G) (Bar-(Tanaka and Takai, 1998). Together, these observations
rett et al., 1997). Additional genetic studies indicate thatsuggest a highly evolutionarily conserved mechanism
a similar Rho-mediated pathway probably also regulatesfor regulation of cell “pinching” structures that requires
cell shape changes that direct other morphogeneticsubcellularly localized complexes of Rho family GTPases
events in gastrulation, including the invagination of theand their regulators and targets.
midgut (Barrett et al., 1997). Later gastrulation events,
such as head involution, also appear to require Rho
Rho Function in Gastrulation GTPase activity as rho1 mutant embryos are defective
Immediately following the cellularization of the syncitial in this process (Magie et al., 1999). Significantly, each
blastoderm, a series of morphogenetic embryo-shaping of these gastrulation processes involves very similar
events take place that begins with the process of gastru- cellular shape changes that are associated with con-
lation. The result of the various cell shape changes and striction of the apical region of the cell, indicating that
movements that constitute the gastrulation process is these temporally distinct events probably all utilize the
a trilaminar embryo consisting of ectoderm, mesoderm, same basic cellular machinery to affect shape changes.
and endoderm (Leptin, 1995). Several aspects of this Although a signaling pathway that initiates the cell
process appear to require the activity of the Rho shape changes that drive gastrulation has emerged from
GTPase. Early in gastrulation, a subset of cells along these genetic studies, the cellular mechanism by which
the ventral midline of the embryo undergo constriction a Rho-directed signal regulates these precise changes
remains unclear. One intriguing possibility is that theof their apical membranes, resulting in the invagination
Developmental Cell
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Figure 2. A Rho-Mediated Signaling Path-
way Directs Early Gastrulation (ventral furrow
formation) in Drosophila Embryogenesis
(A–F) Scanning electron micrographs of
transverse sections of wild-type embryos (A,
C, and E) and embryos lacking the Rho activa-
tor, DRhoGEF2 (B, D, and F) (increasing de-
velopmental stages, top to bottom), stained
with anti-Twist to mark the nuclei of presump-
tive mesodermal cells. In wild-type embryos,
ventral furrow formation normally begins with
the apical flattening and dorsalward migra-
tion of nuclei of the mesodermal precursors
(A), followed by apical constriction (C) and
cell invagination (E). In DRhoGEF2 mutant
embryos, nuclear migration is normal, but the
cells fail to undergo apical flattening (B), and
the majority of mesodermal precursors retain
a broad apical surface (D and F), resulting
in the complete absence of invagination and
ventral furrow formation.
(G) Schematic representation of a signaling
pathway mediated by the Rho GTPase that
directs cell shape changes in Drosophila gas-
trulation.
Panels (A)–(F) reproduced, with permission,
from Barrett et al. (1997).
DRhoGEF2 protein is specifically recruited to the apical that is covered by a thin transient extraembryonic mem-
brane, referred to as the amnioserosa. At this point, themembrane (where actin-dependent cell constriction is
localized) of cells that need to undergo shape change major morphogenetic process known as dorsal closure
(DC) takes place to seal the dorsal surface of the embryoin order to restrict the activation of Rho to one side
of the cell. This could potentially occur via a protein (Noselli, 1998). During DC, embryonic epidermal cells
stretch along the dorsal-ventral axis until the two lateralinteraction with the PDZ domain of DRhoGEF2, as previ-
ous studies of PDZ-containing proteins revealed that in epidermal cell sheets move coordinately to meet at the
dorsal midline where they undergo a zippering-like pro-some cases these domains can play a role in the specific
localization of proteins to the apical membranes of po- cess. Notably, while this process clearly requires a num-
larized epithelial cells (Moyer et al., 1999). By restricting ber of precise cytoskeletal-mediated shape changes, it
the activation of Rho and related GTPases to membrane does not require the recruitment of new cell fates or cell
subdomains, where they could act locally to modulate proliferation (Noselli, 1998). Defects in DC are easily
cytoskeletal organization, it should be possible, in the- visible as a hole in the dorsal side of the larval cuticle,
ory, to elicit specific cell shape changes that relate to and, consequently, several genes that are required for
the orientation of cells within tissues and their intrinsic this process, including some cytoskeletal components,
polarity. have been identified (Noselli, 1998). One of the major
It is also notable that the apical constriction event is forces that drives the movement of the epidermal sheets
preceded by the formation of numerous membrane is the “purse-string” mechanism that involves contraction
blebs (whose function is unknown) that closely resemble of actomyosin cables that run along the circumference
the ROCK-dependent blebs seen in apoptotic mamma- of the leading epithelia (Kiehart et al., 2000). However,
lian cells (Coleman et al., 2001; Sebbagh et al., 2001). disruption of this process does not completely disrupt
It is possible that Rho-mediated membrane blebbing is DC, implicating additional mechanisms.
a prerequisite to major cell shape changes in multiple In mammalian cell culture models of wound healing,
physiological contexts. In addition to the cell shape which in many ways resembles both experimentally in-
changes described above, there is evidence to suggest duced wound healing of animal tissues and the DC pro-
that changes in cadherin-based cell:cell interactions are cess, the Rho, Rac, and Cdc42 GTPases have each been
required during gastrulation (Oda et al., 1998). In mam- implicated (Nobes and Hall, 1999). Evidence suggests
malian epithelial cell culture models, accumulating evi- that their ability to regulate the purse-string contractile
dence indicates that the Rho GTPases regulate such machinery as well as cell migration, maintenance of cell
cell:cell interactions (Braga et al., 1997), raising the pos- polarity, and turnover of focal adhesions are all required
sibility that Rho contributes in multiple ways to the cellu- for effective wound healing. The first evidence to sug-
lar changes required during Drosophila gastrulation. gest that Rho GTPases are indeed involved in DC came
from studies in which expression of dominant-negative
Rac1 in early embryos resulted in DC defects (Harden etRho Function in Late Embryogenesis
Later in embryogenesis, toward the end of gastrulation, al., 1995). Mutational loss of Cdc42 activity also results
in defects in epithelial morphogenesis during the earlythe embryo is left with an opening on its dorsal surface
Review
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Figure 3. Multiple Rho Proteins Regulate Distinct Pathways for Dorsal Closure in Drosophila Embryos
(A–D) Larval cuticle preparations of developing flies indicating the normal appearance of wild-type flies (WT) (A), and the dorsal hole (red
arrows) in the epidermis of flies harboring mutations in genes encoding Rho1 (B), the Rho target kinase, PKN (C), and the JNK pathway
component, Basket (bsk) (D).
(E–H) Despite the similarity in phenotypes among these mutants, levels of expressed dpp mRNA (arrows in [E]–[H]), which encodes a TGF-like
factor required for dorsal closure, are only affected in the bsk mutant (H), but are normal in the absence of Rho (F) or the Rho target, PKN
(G). This difference suggests that the JNK pathway, which can be activated by Rac and Cdc42 GTPases affects a different process in dorsal
closure than that regulated by the Rho pathway. Expression of dpp is analyzed by in situ hybridization of dpp RNA in stage 11 embryos,
revealing expression in the leading edge cells.
(I) Schematic representation of how the multiple Rho family GTPases appear to contribute to distinct signaling pathways in dorsal closure.
Panels (A)–(E) and (G) are reproduced, with permission, from Lu and Settleman (1999).
stages of DC (Genova et al., 2000). Similarly, reduction soon followed by the stretching of neighboring epider-
mal cells through an inductive mechanism. Expressionof Rho1 activity in embryos either through the use of
of dominant-negative and activated forms of Rac andhypomorphic mutant alleles or through the expression
Cdc42 specifically in these cells in the context of trans-of RhoN19 is associated with obvious DC defects (Magie
genic animals has pointed to a requirement for theseet al., 1999) (Figures 3A–3D). Thus, it is possible that at
GTPases in LE cell stretching (Harden et al., 1999). Itleast three distinct Rho family GTPases participate in
also appears that these GTPases function in the LE cellsDC. Although the precise role of each of these GTPases
to promote the activation of components of the MAPin the DC process is not entirely clear, a recent report
kinase cascade that includes the c-jun-kinase (JNK) andsuggests that Cdc42-induced filopodia as well as lamel-
downstream transcription factors (Fos and Jun) that arelapodia play an important role in the adhesion of oppos-
also required for DC. Accumulating evidence suggestsing epithelial cells along the dorsal midline (Jacinto et
that this pathway results in the expression of, amongal., 2000). Specifically, it appears that Cdc42-dependent
other genes, Dpp, which encodes a secreted TGF-likefilopodia extend from the leading edge of epithelial cells
factor required to induce cell stretching of the more
at the midline to “sample” and identify the appropriate
lateral epidermal cells (Noselli, 1998). Interestingly, dis-
opposing target cells, as well as to draw the epithelial ruption of the JNK pathway in LE cells blocks filopodia
sheets together. This study is of particular interest be- formation, raising the possibility that Cdc42-mediated
cause it highlights a somewhat novel role for Cdc42- actin assembly in these cells requires JNK activation
induced filopodia as sensors of neighboring cells that (Jacinto et al., 2000).
help to direct appropriate cell:cell interactions. The Rho1 GTPase is also required for DC, although
The organization and composition of the Rho-medi- it appears to mediate a signaling pathway distinct from
ated signaling pathways that direct DC are beginning to that mediated by Rac and Cdc42. Loss of Rho1 prevents
be elucidated, largely through genetic interaction studies. LE cell stretching but is dispensable for Dpp expression,
Much of the focus on the signaling pathways that regu- suggesting that it mediates a pathway distinct from the
late DC has centered on the single row of ectodermal JNK pathway (Figures 3E–3H) (Lu and Settleman,
cells, the leading edge (LE) cells that appear to initiate 1999b). Further evidence of this is that one of the identi-
fied Rho effector targets, the Drosophila PKN kinasethe stretching process. The stretching of the LE cells is
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(well conserved in mammals), is also required for DC for JNK in DC (Jacinto et al., 2000). Significantly, it was
and is similarly dispensable for Dpp expression (Lu and recently reported that a mammalian JNK binding pro-
Settleman, 1999b). Thus, DC is likely to be mediated by tein, p150-Spir, can directly regulate actin assembly
signaling events that depend on multiple Rho family (Otto et al., 2000).
GTPases and involve distinct pathways (Figure 3E). One potential caveat with the studies described above
The nature of the upstream regulators that promote is that several of them rely exclusively on the use of
Rho/Rac/Cdc42 activation for DC is less clear. One good mutationally altered forms of these GTPases. In fact,
candidate, however, is a gene called myoblast city (ho- there is active debate in the field as to whether the
mologous to mammalian DOCK180). myoblast city (mbc) effects of expressing dominant-negative forms of these
mutant embryos also exhibit DC defects (Erickson et GTPases accurately reflects their normal function. Sig-
al., 1997). In cell culture transfection studies, DOCK180 nificantly, while expression of dominant-negative Cdc42
was found to promote Rac (but not Cdc42) activation, in the LE cells blocks Dpp expression, embryos harbor-
potentially through interaction with a specific GEF for ing a hypomorphic Cdc42 allele maintain normal Dpp
Rac (Nolan et al., 1998). Most likely, Mbc functions simi- expression, generating controversy as to the precise
larly. However, Drosophila GEFs that are required for role of Cdc42 in DC (Genova et al., 2000). Moreover, the
DC have yet to be identified. Undoubtedly, one or more lack of loss-of-function mutants of the Drosophila Rac
of the 20 Rho/Rac GEFs found in the Drosophila genome GTPases thus far makes it difficult to make firm conclu-
are necessary for DC. Interestingly, Mbc was found to sions about experiments in which dominant-negative
interact genetically with Rac and not with Rho or Cdc42, forms are expressed. Despite such issues, there is little
indicating that it is likely to be coupled to a specific activa- doubt that multiple Rho family GTPases participate in
tor of Rac (Nolan et al., 1998). Such a finding supports the various aspects of this complex morphogenetic pro-
the likelihood that activation of specific GEFs provides cess in embryonic development.
a mechanism by which Rho GTPases can be selectively
activated in vivo. Interestingly, a complex containing the Rho Function in Neural Development
mammalian proteins DOCK180, p130 CAS, and the Crk A substantial body of evidence now points to a role for
adaptor, appears to regulate Rac-dependent cell migra- the Rho GTPases in various aspects of neural develop-
tion and phagocytosis downstream of integrin activation ment (Luo, 2000a). In Drosophila, the neural precursors,
(Klemke et al., 1998), and, in C. elegans, homologs of or neuroblasts, are specified early in embryogenesis,
these same proteins, including Rac, regulate the engulf- and by the time gastrulation is completed, neuronal dif-
ment of apoptotoc corpses and cell migration (Blelloch ferentiation has begun. Among other things, such differ-
et al., 1999). Consistent with a likely role for integrins entiation is accompanied by dynamic changes in cell
as an upstream activating component in the Rac path- membranes and the cytoskeleton ultimately giving rise
way of DC in Drosophila is the observation that an integ- to a highly polarized mature neuron that extends long
rin  subunit (Myospheroid) has been found to be required and branched processes (neurites) that are guided pre-
for DC (Brown, 1994). These findings point to the existence cisely through tissues to the appropriate muscle or neu-
of an evolutionarily conserved pathway for specific acti-
ronal targets. Significantly, the actin-rich dynamic tip
vation of the Rac GTPase for the purpose of dynamic
of neurites, referred to as the growth cone, exhibits
plasma membrane movements required for migration
morphological and cytoskeletal features that are highly
and engulfment.
reminiscent of the structures in fibroblasts that areDownstream of the Rho GTPases, the pathways that
known to be regulated by the various Rho GTPases,direct DC are also somewhat unclear. As described
including filopodia, lamellapodia, and stress fibers (Luo,above, at least one Rho target, the PKN kinase, is in-
2000a). Thus, one would predict a role for Rho GTPasesvolved. There is also indirect evidence to suggest that
in growth cone function, and, in cultured mammalianthe Rho target, ROCK, plays a role as well. Specifically,
neurons, this has indeed been demonstrated (Kozma etthe Drosophila gene, Zipper, which encodes a nonmus-
al., 1997).cle myosin heavy chain (NMMHC), is required for DC
Rho appears to be required in neural development as(Young et al., 1993). In mammals, as mentioned above,
early as the proliferation of neuroblasts. In clones ofactomyosin contractility (which requires NMMHC) is di-
Drosophila neuroblasts lacking functional Rho1, a sub-rectly regulated by ROCK-dependent phosphorylation.
stantial reduction in cell number is observed that is notThus, it is likely that Drosophila ROCK participates in DC
due to defective cell survival, but appears to reflect aas well. Significantly, a Zipper-Rho1 genetic interaction
defect in cytokinesis (Lee et al., 2000). Possibly, thishas recently been reported (Halsell et al., 2000). Possi-
defect in cytokinesis involves the same Rho-dependentbly, the major role of Rho in the DC process is to direct
signaling that regulates cytokinesis in the postblasto-the actomyosin contraction required for purse-string ac-
derm mitoses described earlier.tion. Downstream of Rac and Cdc42, it appears that the
During the neuronal differentiation process itself,Ste20-like kinase, Misshapen, mediates at least some
there is also a clear requirement for the various Rhoof their actions in DC (Su et al., 1998). In fact, Misshapen
GTPases. In addition to its role in neuroblast prolifera-can directly phosphorylate JNK in vitro, and it therefore
tion, Drosophila Rho1 appears to be required for den-may provide a link between Rac/Cdc42 and components
dritic, but not axonal, morphogenesis (Lee et al., 2000).of the JNK pathway in DC. Although it is clear that the
In another study, expression of mutationally activatedJNK pathway is required for regulating the expression
and inhibitory forms of Rac and Cdc42 in the developingof genes that are also required for DC, the fact that
fly nervous system revealed roles for these GTPases infilopodia formation in the LE cells also requires JNK
raises the possibility of a transcription-independent role establishing neuronal polarity and in the outgrowth of
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neurites (Luo et al., 1994). Specifically, expression of a closely related Drosophila homolog whose function
is unknown. Future studies will certainly examine thedominant-negative Rac1 in neuroblasts or in the mature
central and peripheral nervous system causes a loss of potential function of the Drosophila homologs of these
proteins in neural development.axons, but not dendrites, suggesting a specific role for
Rac in the initiation of axon outgrowth. When muta-
tionally activated Rac was expressed in early embryos, Rho Function in Establishing Tissue Polarity
axon loss was also observed, and when activated Rac Following the completion of Drosophila embryogenesis,
was expressed at later stages of neural development, larval development begins. This represents another de-
following the initiation of axon outgrowth, axon elonga- velopmental period that involves major morphogenesis.
tion was disrupted. In the same study, activated Cdc42 During larval development, epithelial polarization plays
inhibited both axon and dendrite outgrowth. These stud- a particularly important role. An essential property of
ies not only highlight a likely role for these GTPases in epithelial cells of all multicellular organisms is their abil-
neural development but also suggest that these proteins ity to acquire a polarized state. This property allows
regulate several distinct aspects of neuronal develop- these cells to perform a variety of specialized functions
ment, including the establishing of neuronal polarity, and serves to maintain a differentiated phenotype. The
initiation of axon outgrowth, and axon elongation. epithelial cells in Drosophila are derived from the embry-
Following the maturation of differentiated neurons, onic ectoderm, which invaginates to form the imaginal
Rho GTPases continue to play additional roles in the discs that ultimately give rise to the various adult tissues.
development of a fully functional nervous system. For In addition to forming a polarity along their apical-basal
example, Drosophila Rac1 has been implicated in motor axis, epithelial cells typically organize themselves within
axon guidance (Kaufmann et al., 1998), synaptogenesis tissues in such a way as to establish a so-called planar
(Allen et al., 2000), and in photoreceptor morphogenesis cell polarity (PCP) relative to the body axis (Bray, 2000).
(Chang and Ready, 2000), suggesting that this single Examples of this are the appearance of distally pointed
GTPase is likely to mediate multiple distinct aspects of hairs on the wing blades of the fly as well as the hairs
neural development. In addition, as mentioned earlier, and bristles on the thorax and abdomen, and the chirality
mammalian Rho plays a role in growth cone collapse, of regularly arrayed eye ommatidia. In mammals, the
a process that is essential in the response to repulsive regulation of tissue polarity is poorly understood and
axon guidance cues, and which requires actomyosin difficult to study, and the Drosophila system has recently
contractility. It is possible that Drosophila Rho1 and provided some important clues.
ROCK function similarly in mature neurons. Mounting evidence points to essential roles for the
So far, only two activators of Rho family GTPases have Rho GTPases in the establishment of PCP in flies. Ex-
been implicated in neural development in flies. The still pression of mutationally activated and inhibitory forms
life gene encodes a Rho/Rac GEF implicated in proper of Rac1 in imaginal wing discs revealed that Rac1 is
synaptic function (Sone et al., 1997). Loss-of-function essential for the proper assembly of cell adherens junc-
mutants of a gene called Trio, which encodes a second tions as well as for the establishment of PCP (Eaton et
Rac-specific GEF, is required for normal axonal pathfind- al., 1996). Similar analysis of Cdc42 revealed its require-
ment for epithelial cell shape changes, but not for actining in the central and peripheral nervous systems of devel-
oping embryos, as well as in the photoreceptors of the assembly at adherens junctions. Expression of domi-
nant-negative Rac1 or Cdc42 results in the formationadult eye (Luo, 2000b). Undoubtedly, future studies will
implicate some of the numerous additional Rho/Rac of multiple wing hairs, suggesting that these proteins
regulate polarized membrane outgrowth. Hair cells ex-GEFs in neural development.
The identification of downstream targets of the Rho pressing dominant-negative Rac1 exhibit gaps in junc-
tional actin and a disorganized apical microtubule web,GTPases that mediate their functions in neurons is still
in the early stages. In mammalian neurons, it appears suggesting that Rac1’s ability to regulate both actin poly-
merization and microtubule organization contributes tothat ROCK is an important Rho target in the control
of both neurite outgrowth and growth cone collapse the establishment of PCP.
Rho1 also appears to be essential for the establish-(Kozma et al., 1997). Interestingly, it is the inhibition of
Rho activity that is associated with neurite outgrowth, ment of PCP. Mutant tissue clones containing hypomor-
phic Rho1 alleles exhibit abnormal wing hair polarity,a process that is known to require formation of new actin
filaments. In Drosophila, ROCK function in the nervous and, in somatic eye clones harboring such alleles, om-
matidia are incorrectly oriented, while the position ofsystem has not yet been explored. One Rac/Cdc42 tar-
get in Drosophila that does seem to play a role in neurons photoreceptors is unaffected (Strutt et al., 1997). Similar
PCP defects have been reported for two previously iden-is the Rac/CDC42 binding kinase, PAK. PAK is required
for normal pathfinding by photoreceptor axons, indicat- tified tissue polarity mutants: frizzled and disheveled
(Bray, 2000). frizzled encodes a G protein coupled recep-ing a role for Rho/Rac signaling during postembryonic
neural development as well (Hing et al., 1999). Other tor, and Disheveled is a cytoplasmic signaling molecule
of largely unknown biochemical function. Genetic inter-downstream Rho/Rac targets whose mammalian homo-
logs have been implicated in neuronal development and action studies demonstrated that Rho1 functions down-
stream of Frizzled and Disheveled in a pathway thatfunction include the Citron kinase, the PKN kinase, Di-
aphanous, and the WASP (Wiskott-Aldrich syndrome establishes PCP (Strutt et al., 1997). Interestingly, this
serves as a second example of a signaling pathway inprotein) protein. Moreover, the actin regulatory protein,
LIM kinase (Chernoff, 1999), which is directly regulated which Rho1 is required downstream of a G protein-
coupled receptor. However, the putative GEF that di-by both ROCK and PAK, and has been implicated in the
human cognitive disorder, Williams Syndrome, also has rectly promotes Rho1 activation in this pathway remains
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Figure 4. Planar Cell Polarity Is Regulated by the Rho GTPase in Drosophila
(A and B) Tissue sections of somatic clones of the adult eye of wild-type (A) animals or animals harboring a mutation of the Rho target kinase,
dROK (B), reveal the abnormal orientation of photoreceptors and ommatidia (arrows) in the ventral half of the eye of a dROK mutant.
(C and D) Adult wing hairs on wild-type (C) and a dROK mutant clone (D) (clone border is marked by the red dashed line) illustrating that
tissue lacking dROK exhibits misorientation of hairs on cells near the wing vein, reflecting a defect in planar cell polarity.
(E) Schematic representation of a signaling pathway by which Rho, and possibly the Rac and Cdc42 GTPases, regulates the establishment
of tissue polarity.
Panels (A)–(D) reproduced, with permission, from Winter et al. (2001).
unknown. There is genetic evidence that the Rac GTPases light chain indeed functions downstream of Frizzled and
Disheveled. Together, these genetic studies have re-also function downstream of the Frizzled-Disheveled
pathway in the establishment of PCP (Fanto et al., 2000), markably led to the identification of several upstream
and downstream components of a Rho1-mediated signal-but their role in the pathway is not known.
Recently, an important component of the pathway ing pathway that is critically required for the establishment
of tissue polarity during development (Figure 4E).downstream of Rho1 in establishing PCP was identified.
Mutant eye tissue clones that lack Drosophila ROCK
function exhibit a defect in ommatidial rotation (Figures Additional Rho Functions in Fly Development
In addition to the developmental functions for the Rho4A and 4B) (Winter et al., 2001). Similar clones in the
wing exhibited multiple wing hairs, another indicator of GTPases described above, these proteins have been
implicated in several aspects of oogenesis, where cy-abnormal epithelial polarity (Figures 4C and 4D). Such
results point to a likely role for ROCK in a PCP pathway toskeletal mediated cell shape changes and migrations
play an essential role (Murphy and Montell, 1996). Theydownstream of Rho1, and genetic interaction studies
indeed revealed that ROCK, like Rho1, functions down- have also been implicated in embryo segmentation (Ma-
gie et al., 1999) and muscle development (Luo et al.,stream of Frizzled and Disheveled in establishing wing
hair number (Winter et al., 2001). Another striking obser- 1994), and it would not be surprising to find that they
are involved in a variety of additional morphogeneticvation made in this same report is that expression of a
mutationally activated form of the nonmuscle myosin processes in embryonic and larval development that
depend on cell shape changes and movements. It is alsoregulatory light chain (a well-documented ROCK sub-
strate) almost completely rescues the multiple hair de- likely that the Rho GTPases perform postdevelopmental
functions in the adult organism. In the immune system,fect seen in ROCK mutant wing tissue, establishing that
the myosin regulatory light chain is a critical target of engulfment of foreign bodies by macrophage-like cells
involves membrane and cytoskeletal dynamics that areROCK phosphorylation in the PCP pathway. Additional
genetic interaction tests confirmed that the regulatory likely to involve Rho GTPases. In brain, the apparent
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role for Rac1 in regulation of synapse formation, could that allow the generation of somatic mutant clones can
partially circumvent this problem. Despite these draw-be relevant to long term potentiation and learning func-
backs, the Drosophila system has, in only a few years,tions. Finally, mammalian Rac and Cdc42 have been
proven to be immensely important in dissecting the or-implicated in maturation of the neuromuscular junction.
ganization and function of GTPase-mediated pathways
in an in vivo context.The Limitations of the Drosophila System
Like any experimental system, Drosophila, while power-
Emerging Themes for Rho Functionful, has its drawbacks. However, it is worth noting that
in Developmentmost of these drawbacks similarly apply to all of the
As detailed above, a growing body of experimental evi-currently utilized systems for studying Rho function in
dence highlights the essential and widespread functionsdevelopment. For example, as mentioned above, sev-
of the Rho family GTPases in the complex morphoge-eral of the studies published thus far regarding Rho
netic processes associated with the development offunction focus exclusively on the effects of expressing
multicellular organisms. Through such studies, a num-mutationally altered forms of these GTPases. Although
ber of common themes have emerged. For one, it isthere is evidence that such mutated GTPases frequently
becoming clear that the Rho GTPases are likely to medi-exert effects that correspond to their normal function,
ate virtually all communication between extracellularthere is also good reason to suspect otherwise. For
signals and the actin cytoskeleton during development.example, as described earlier, loss-of-function cdc42
Whether such signals come in the form of secreted fac-mutants exhibit defects in dorsal closure that can be
tors, cell surface-associated ligands, or adhesion mole-distinguished from those observed upon expression of
cules, it seems that Rho proteins are required to trans-dominant-negative Cdc42 in the LE cells. In addition,
duce such information to the downstream cellularthe two distinct dominant-negative forms of Rac1 that
machinery that determines changes in shape, adhesion,have been used in transgenic studies (Rac1N17 and
and movement. It also appears that the same machineryRac1L89) have, in some cases, yielded different results
can be used to accomplish somewhat distinct tasks.(Kaufmann et al., 1998; Luo et al., 1994). Because the
For example, the Rho-mediated actomyosin contractileprecise mechanism of function of the dominant-negative
machinery appears to be used for constricting mem-GTPases is not clear, such findings highlight the poten-
branes during cytokinesis, tissue invagination, and neu-tial difficulties in interpreting the results of these trans-
ronal growth cone collapse.genic studies.
It is also becoming apparent that each of the individualA second problem is functional redundancy. That is,
Rho family GTPases mediates multiple temporally andthere may be closely related family members of Rho
spatially distinct developmental processes. Thus, com-GTPase signaling components that serve completely or
plex organisms efficiently utilize their relatively smallpartially redundant functions in vivo. Thus, studies of loss-
number of these GTPases. In addition, it is clear thatof-function mutants of individual pathway components
the coordinated action of multiple Rho GTPases cancan also be potentially misleading or uninformative. For
sometimes be used to accomplish a single morphoge-example, it is possible that the very highly related and
netic process. Dorsal closure in Drosophila is a good
broadly expressed Rac1 and Rac2 genes (92% amino
example of this. It also appears likely that several of the
acid identity) in Drosophila are somewhat redundant
downstream effector targets of these GTPases function
in function (Luo et al., 1994). Ironically, the potentially in multiple distinct developmental processes.
problematic use of dominant-negative GTPase mutants So, how is it that the same set of GTPases and targets
can circumvent this problem in some cases. In addition, can be used to produce distinct morphogenetic out-
using combinations of mutants corresponding to poten- comes in different tissue contexts? One attractive possi-
tially redundant genes, or using RNAi methodology to bility is that it is the upstream regulators of the GTPases,
simultaneously inactivate multiple genes, can also ad- including the GAPs and GEFs, that direct the GTPases
dress this issue. to precise temporally and spatially determined locations
A third problem with the Drosophila system is that in order to elicit appropriate downstream responses. In
maternally provided gene products can often mask the this model, the GAPs and GEFs, acting in response to the
effects of zygotic loss-of-function mutations during em- various upstream signals, direct the action of GTPases
bryonic development. In fact, many of the genes whose to particular subcellular regions of particular cell types,
products are required in early embryogenesis, where thereby determining precisely where, for example, actin
Rho/Rac-mediated morphogenetic events take place, cytoskeletal reorganization takes place. Examples that
are provided maternally. This problem can sometimes are consistent with such a mechanism include the role
be circumvented through strategies that allow the gen- of the DRhoGEF2 Rho-specific activator in Drosophila
eration of germ line mutant clones. However, in some gastrulation and the Rac-specific activator, Mbc, in dor-
cases, such clones cannot be generated, particularly sal closure. The various GAPs and GEFs typically con-
when the gene product is required for oogenesis. More- tain at least one known protein-interaction domain in
over, loss-of-function mutations that result in embryonic addition to their catalytic domain that could potentially
lethality can preclude their use in establishing a gene’s play a role in regulating localization. Significantly, as
requirement in later stages of development. Thus, for mentioned earlier, in the Drosophila genome, there are
some Rho pathway components, it may only be possible 20 RhoGAPs and 20 RhoGEFs that presumably serve
to examine their requirement with relative ease during to regulate the 6 Rho proteins. The relatively high num-
a limited developmental window. However, the use of ber of regulatory proteins could contribute to the speci-
ficity in GTPase signaling. Tissue-restricted expressionhypomorphic mutant alleles as well as methodologies
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Coleman, M.L., Sahai, E.A., Yeo, M., Bosch, M., Dewar, A., andand localized subcellular distribution of the various Rho
Olson, M.F. (2001). Membrane blebbing during apoptosis resultseffector targets may also contribute to signaling speci-
from caspase-mediated activation of ROCK I. Nat. Cell Biol. 3,ficity for diverse developmental Rho-mediated functions.
339–345.
It will certainly be of interest to determine the precise
Chernoff, J. (1999). Close encounters of the LIM-kinase. Nat. Celltemporal and spatial expression profiles of each of the Biol. 1, E115–E117.
GAPs, GEFs and effectors for the Rho GTPases during
Costa, M., Wilson, E.T., and Wieschaus, E. (1994). A putative cell
development, as well as the dynamic nature of their signal encoded by the folded gastrulation gene coordinates cell
subcellular distribution during developmental processes shape changes during Drosophila gastrulation. Cell 76, 1075–1089.
in which it turns out that they are required. Crawford, J.M., Harden, N., Leung, T., Lim, L., and Kiehart, D.P.
(1998). Cellularization in Drosophila melanogaster is disrupted by
the inhibition of rho activity and the activation of Cdc42 function.Concluding Remarks
Dev. Biol. 204, 151–164.Although this review has largely highlighted the results
Eaton, S., Wepf, R., and Simons, K. (1996). Roles for Rac1 and Cdc42of studies of the Rho GTPases from the Drosophila sys-
in planar polarization and hair outgrowth in the wing of Drosophila. J.tem, a complete understanding of Rho function in devel-
Cell. Biol. 135, 1277–1289.
opment will have to come from the combined efforts of
Erickson, M.R., Galletta, B.J., and Abmayr, S.M. (1997). Drosophilainvestigators utilizing a variety of experimental approaches
myoblast city encodes a conserved protein that is essential for
and systems. As mentioned, many of the important early myoblast fusion, dorsal closure, and cytoskeletal organization. J.
discoveries regarding the biological functions of Rho Cell. Biol. 138, 589–603.
proteins were made in cultured mammalian cells. Subse- Fanto, M., Weber, U., Strutt, D.I., and Mlodzik, M. (2000). Nuclear
quent studies using yeast two-hybrid screens and bio- signaling by Rac and Rho GTPases is required in the establishment
chemical purifications identified many of the regulators of epithelial planar polarity in the Drosophila eye. Curr. Biol. 10,
979–988.and targets of these GTPases. More recently, the avail-
Genova, J.L., Jong, S., Camp, J.T., and Fehon, R.G. (2000). Functionalability of complete genome sequences has revealed ad-
analysis of Cdc42 in actin filament assembly, epithelial morphogenesis,ditional Rho pathway components. Finally, genetics in
and cell signaling during Drosophila development. Dev. Biol. 221,model organisms has helped to establish the organiza-
181–194.tion of Rho-mediated signaling pathways in vivo and to
Hacker, U., and Perrimon, N. (1998). DRhoGEF2 encodes a memberidentify the developmental processes that require these
of the Dbl family of oncogenes and controls cell shape changesvarious pathways. Now, two major challenges to the during gastrulation in Drosophila. Genes Dev. 12, 274–284.
field lie ahead. The first of these is the need to establish
Halsell, S.R., Chu, B.I., and Kiehart, D.P. (2000). Genetic analysis
more clearly the cellular mechanisms by which these demonstrates a direct link between rho signaling and nonmuscle
signaling pathways direct the precise cytoskeletal myosin function during Drosophila morphogenesis. Genetics 155,
changes that direct the various Rho-dependent cell 1253–1265.
shape changes and movements. The second is to deter- Harden, N., Loh, H.Y., Chia, W., and Lim, L. (1995). A dominant
mine how such processes that are taking place in indi- inhibitory version of the small GTP-binding protein Rac disrupts
cytoskeletal structures and inhibits developmental cell shapevidual cells are finely coordinated in space and time as
changes in Drosophila. Development 121, 903–914.to direct tissue morphogenesis with such perfection.
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